A neurology ward team stands in the hallway discussing a patient with a rare disease that they have just seen. The attending, an expert in the condition, turns to the thirdyear medical student on the team and begins to "pimp" the student by asking various questions about the disease. Painfully, the student clearly has no idea of the answers. In dismay, the attending asks, "What? Weren't you at my lecture during second year on this topic?!" While the episode above may seem comical, it is repeated in various forms throughout our medical education system on a frequent basis. The assumption that teaching results in durable learning is foundational to many of our educational activities: the lectures given in medical school and continuing medical education (CME) courses, the didactic sessions used to standardize the curriculum in clinical rotations and residency programs, and even the bedside teaching that often accompanies rounds in the hospital. While forgetting is a known and natural physiological phenomenon, our educational systems often do not account for it. Rather we, like the attending above, assume that once a learner has acquired new knowledge that he or she will always possess that information. At the end of courses, clerkships, and even at the end of a given period of training such as the end of medical school or residency, we give tests to measure the accumulated knowledge to ensure that it is adequate and to verify that the learner has achieved a minimum level of competency. We then expect that they will retain this information for the remainder of their careers. Learners have adapted to the incentives created by these systems and will typically engage in intense periods of study just prior to tests to demonstrate the highest possible amount of "learning." Learners often anecdotally observe that this
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Abstract
Educational systems are rarely designed for long-term retention of information. Strong evidence has emerged from cognitive psychology and applied education studies that repeated retrieval of information significantly improves retention compared to repeated studying. This effect likely emerges from the processes of memory consolidation and reconsolidation. Consolidation and reconsolidation are the means by which memories are organized into associational networks or schemas that are created and recreated as memories are formed and recalled. As educators implement retrieval practice, they should consider how various test formats lead to different degrees of schema activation. Repeated acts of retrieval provide opportunities for schemas to be updated and strengthened. Spacing of retrieval allows more consolidated schemas to be reactivated. Feedback provides metacognitive monitoring to ensure retrieval accuracy and can lead to shifts from ineffective to effective retrieval strategies. By using the principles of retrieval practice, educators can improve the likelihood that learners will retain information for longer periods of time.
strategy leads to rapid forgetting-referring to a "binge/ purge cycle" in their schooling. Long-term retention of information is rarely a planned element in the educational system.
Despite these challenges, research from cognitive science has emerged that can guide educators to use tools and create systems that do promote long-term retention of information. One of these tools is retrieval practice. The cognitive science research regarding retrieval practice has been extensively reviewed elsewhere.
1,2 However, this review will focus on a synthesis of the educational practices that can be recommended based on this body of research. While Larsen and Butler have also reviewed these principles previously, 3 the current review will discuss these principles in light of possible neural mechanisms and consider the challenges and opportunities of integrating retrieval practice into curricula.
What is Retrieval Practice?
As described above, tests are typically thought of as measurement devices to evaluate the extent of learning without necessarily changing the memory of that knowledge. However, extensive research has emerged that retrieval of information (whether in tests or through other experiences) actually leads to more enduring memory for the material when compared with restudying. 1,2 This phenomenon is referred to as the direct testing effect. 1 The act of retrieving information to improve long-term retention is known as retrieval practice. 2 It is important to specify that the direct testing effect referred to here arises from the act of retrieval and its associated cognitive processes not from improved studying or increased motivation to study in anticipation of taking a test (indirect testing effects). While tests may have such positive behavioral effects, this review will focus on the direct cognitive effects that arise from retrieval. Research on the direct testing effect has existed for more than 100 years. 4, 5 However, broad interest in this finding and extension into educational practice is a more recent phenomenon. One of the experiments that launched this wave of new research was performed with college students using science texts. 6 Students were randomized to one of three conditions: studying the text by re-reading it four times, rereading it three times and then taking a free recall test in which they were asked to simply write down everything that they could remember from the text, or reading the text once and then taking three back-to-back free recall tests without any feedback. Students were then either given a final recall test 5 minutes later or a final test 1 week later. On the 5-minute test, students who had learned the material through re-reading remembered the most, followed by those who had read the text three times and taken one test, while those who had read the text only once but had taken three tests remembered the least. However, on the final test 1 week later, an inverse pattern was observed. Those who had taken three tests remembered the most, followed by those who took one test, while those who had simply re-read the passage remembered the least. This pattern of results is remarkable because those with the greatest long-term retention of information had had the least exposure to the source materials. Those students had only read the materials once, and otherwise depended on their own recall in the freeresponse tests without the ability to check their answers for accuracy.
In medical education, one of the first studies to examine retrieval practice using an educationally relevant timeframe involved residents learning two topics: myasthenia gravis and status epilepticus. 7 After an interactive didactic session, residents were randomized in a counterbalanced fashion to either take a short-answer test with feedback over one of the topics or study a review sheet over the other topic. Residents then took tests and studied the review sheets on two additional occasions each separated by 2 weeks. A final test on both topics was given 6 months later. As would be predicted by the direct testing effect, those who learned the topic through retrieval practice recalled an average of 13% more at 6 months than those who had repeatedly studied the topic. Importantly, 91% of the residents who responded to the endof-study survey reported that they would be willing to take regular tests to improve their long-term retention. The direct testing effect has been widely replicated in many settings with a wide range of populations, materials, and timeframes. Studies have demonstrated improved memory through retrieval practice with medical students, practicing physicians taking CME courses, middle school students, and undergraduate college students. [8] [9] [10] [11] Retrieval practice has not only shown improved memory of factual information but also of spatial relationships and procedural skills.
8,12,13
Patients with multiple sclerosis, traumatic brain injury, and aphasia have all shown benefits in learning with retrieval practice. [14] [15] [16] Retrieval practice has been shown to be superior in producing long-term retention compared with other study methods such as concept mapping and students writing explanations. 17, 18 A review of educational interventions based on cognitive psychology research found retrieval practice to be broadly supported in the education and psychology literature. 19 Out of a list of evidence-based education recommendations by the United States Department of Education, two of the seven were based on retrieval practice.
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How Does Retrieval Practice Work?
Many possible theories have been suggested for how retrieval practice might produce its mnemonic effects. One theory is the elaboration hypothesis which posits that the act of retrieval causes a person to construct more extensive relational networks between items. 21 An alternative view is the episodic context hypothesis which asserts that retrieval causes a person to improve their recollection of contextual details as they search for the correct answer to a question.
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Despite these possibilities, no definitive evidence has emerged to directly answer the question of how retrieval practice works. Each proposed theory involves some sort of schema formation in which connections are made between elements to create and strengthen memory. It is likely that each theory may work for particular types of materials or that a combination of theories best explains the effects of retrieval practice. Retrieval practice depends on the basic processes of memory. The concept of memory consolidation (with the associated concept of reconsolidation) is likely a key factor in how retrieval practice works. 23, 24 Consolidation is the process by which a memory becomes enduring over the long term. [24] [25] [26] To understand consolidation, it is critical to recognize that the processes of encoding, consolidating, and retrieving memories is not a static process of information storage but rather a constructive and reconstructive process in which memory is constantly changing. [24] [25] [26] Memory processing involves encoding as a representation of the stimulus is created in the brain. For declarative (fact-based) memories, this process typically involves both the hippocampus and neocortex. 24, 25 The memory then undergoes consolidation over time as the representation becomes reorganized and distributed within the neocortex.
23-26
This process is thought to occur through ongoing interactions between the hippocampus and the neocortex resulting in a memory that is less dependent on the hippocampus.
Consolidation occurs as memories are reactivated in the cortex and integrated with preexisting circuits. [23] [24] [25] [26] Reactivation and replay often occur spontaneously while at rest and during sleep. [23] [24] [25] Some evidence has emerged to suggest that retrieval practice leads to more rapid consolidation. 23 For instance, in one retrieval practice study investigating the role of sleep, retention for material that was restudied improved with sleep, approximating or even eliminating the advantage in retention gained through testing. 27 However, retention from retrieval practice did not improve with sleep, potentially indicating that consolidation had already occurred. This result may come from the external circuit reactivation that comes with retrieval practice. While consolidation occurs over time, the speed at which a memory is consolidated seems to be dependent on the strength of the schema to which it is integrated. 24, 25 With greater schema strength comes more rapid consolidation. Schema integration could be another potential role for retrieval practice. Free recall tests have been shown to improve schema construction. 28 The act of retrieval may cause learners to construct schemas or may better integrate information into existing schemas.
29
As memories are retrieved, they can become malleable and are updated and reprocessed with novel information, thus strengthening the memory further. 24 This process of reactivating and updating memory is known as reconsolidation.
24
During the process of reconsolidation, memories can be influenced by various factors such as emotional cueing. As evidence that retrieval practice induces reconsolidation, the act of observing a negatively charged image, such as a dead animal or a person pointing a gun, after retrieving information led to improved retention of that information. 30 Seeing the image just prior to retention did not lead to the same improvement in retention (i.e., the effect did not arise simply because the image made the retrieval event more unique but rather influenced the reconsolidation processes that only occur after retrieval). 31 Viewing the negatively charged image after restudying did not lead to improved retention, suggesting that restudying information did not elicit reconsolidation. 30 Interestingly, viewing positive images did not improve retention.
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Functional imaging studies have shown variable results regarding the anatomical correlates of retrieval practice. [32] [33] [34] [35] [36] While the patterns have been different between studies, structures typically thought to play a part in retrieval such as the hippocampus, prefrontal cortex, temporal lobe, and parietal lobe have been identified. 26, [33] [34] [35] [36] An important finding in some functional imaging studies is that the areas of brain activation in retrieval practice are different than those in restudying. 33, 34 A limitation of the functional imaging research of retrieval practice is that most studies typically use simple materials and retrieval intervals on the order of days and weeks rather than months or years. Because consolidation processes change over time, it would be important for studies of retrieval practice using longer intervals to be conducted in the future. 37 More research is needed to better define and understand the anatomical systems involved in retrieval practice.
How is Retrieval Practice Best Implemented?
While the evidence supporting retrieval practice is robust, the take home message is not necessarily that more and more tests need to be added to curricula. Simply adding tests may not result in the desired mnemonic effect. Indeed, negative studies of retrieval practice have been published as well.
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Principles have emerged from the psychology and education literature that can guide implementation of retrieval practice to increase the likelihood that long-term retention is achieved. Four of these are considered below: test format, repetition, spacing, and feedback (►Fig. 1).
Test Format
As mentioned above, incorporation of information into a schema seems to be an important factor in the speed of memory consolidation. 24, 25 Educators should consider this principle as they design test formats. Tests that enhance learners' schema formation and schema reactivation may have the greatest benefit in long-term retention. Free recall tests have been show to increase schema formation. 28 Tests that demand less schema construction or reactivation from the learner may not produce as great of an effect. In one study with first-year medical students, when standardized patient encounters using neurological diseases were compared with short answer tests which were both compared with restudying, the standardized patient encounters produced greater long-term retention than both short-answer tests or restudying when the final test consisted of a standardized patient encounter 6 months later. 40 When the final test was a short-answer test, both repeated retrieval through standardized patient encounters and short-answer tests performed equivalently and both were better than restudying. In this case, the standardized patient encounter could be seen as a free recall test. In the short-answer test, the very presence of questions creates a structure for the learner that does not Planning Education for Long-Term Retention Larsen 451 require them to create and reactivate as extensive of a schema for themselves. When the supports of that structure provided by the questions are removed the learner may not perform as well. A similar pattern of results was seen in a study of short texts, in which free recall tests produced better retention than fill-in-the-blank tests, which did better than true/false tests which were better than controls who had no further exposure to the texts. 41 This pattern was the same regardless of the type of final test (free recall, fill-in-theblank, or true/false). The above studies illustrate a complementary principle that greater retrieval effort in the practice tests produces greater long-term retention. 42, 43 Retrieval effort may simply be a marker for the extent of schema creation and reactivation. Because multiple-choice questions (MCQs) are so common in educational practice, they deserve special mention. When MCQs are used for assessment purposes, they have been shown to have equivalent discriminating power as more open-ended questions, 44 and they make scoring much more convenient for educators. However, the use of MCQs in retrieval practice to improve long-term retention is more complicated. In some cases, MCQs have been shown to produce no more long-term retention than restudying when compared with short-answer tests. 45, 46 In other contexts, retrieval practice with MCQs has improved long-term memory. 46, 47 Whether or not MCQs are effective in retrieval practice likely relates to how they are designed. If the question consists of recognizing a simple fact then it likely does not produce much retrieval effort nor does it reactivate much of a schema and may not result in improved long-term retention. However, MCQs can be designed to require multiple steps of reasoning and more extensive schema activation. 46 Also, some reactivation and learning may occur for associated items among the lures in the MCQ. 48 Some evidence shows that these types of questions can produce equivalent retention to short-answer questions. 46 Even when MCQs replicate complex thought processes such as clinical reasoning, learners still engage in strategies of looking for clues in the question and formatting to help them find the answers. 49 MCQs can be used for retrieval practice but should be used with care. Other test formats may better accomplish educators' aims. As educators design systems to incorporate retrieval practice, they should consider the breadth of potential retrieval activities at their disposal. As mentioned above, standardized patients or other simulations offer powerful opportunities for retrieval. Repeated practice of procedural skills using simulation with mastery learning has shown extremely high levels of retention even after 12 months. 50 Real patient encounters are also opportunities for retrieval. For instance, when a neurology resident sees a patient with a new diagnosis of multiple sclerosis, she or he has to retrieve the diagnostic criteria, the risk factors, the expected exam findings, and the treatments. Various written test formats have been shown to lead to successful retrieval practice. One such approach is key features testing, in which learners answer clinical reasoning questions as they are presented with a narrative case. 51 Essay questions are essentially free recall questions that can be used to encourage learners to engage in extensive retrieval. Using variation in questions may help in the creation of transferrable schemas. For example, when learners answered varied questions they used more of the information in a novel application test compared with if they were exposed to the same question repeated multiple times. 52 As a guiding principle, educators should consider the extent of the schemas that they want learners to create and reactivate. They should provide retrieval opportunities that support schema formation for long-term retention. This approach likely means avoiding question and formats that require only isolated facts to be retrieved and rather using formats that require learners to generate an organizational structure around the information (►Fig. 2).
Feedback Spacing
Repetition Test Format Fig. 1 Foundational blocks of retrieval practice implementation. Successful implementation of retrieval practice is not based solely on adding tests to educational experiences. Rather, educational implementation of retrieval practice is more likely to be successful when built on a foundation of test formats that encourage broad schema activation, providing adequate repetition that is spaced over weeks and months, and giving feedback to correct errors. 
Repetition
When examined over relatively long retention intervals, retrieval practice shows a dose effect in which more retrieval practice leads to better retention. 53 However, after several repetitions a point of diminishing returns is reached in which only small gains occur with additional retrieval practice.
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For example, in one study using psychology terms, little additional benefit was seen after more than three successful retrievals. 53 When tests are closely spaced (discussed below), repetition does not clearly provide a benefit and one test may be as effective as multiple. 43, 53 If logistics force educators to choose between a single test versus no test, having at least one opportunity for retrieval practice may be more beneficial than no retrieval practice depending on the retrieval interval. Repeated retrieval practice facilitates the memory reactivation and updating that is a critical part of consolidation and reconsolidation. When testing is combined with feedback (discussed below), learners are able to use repetition to make corrections and have opportunities to correctly retrieve information that they may have missed before. The process of updating memories also may explain the diminishing returns of too frequent repetition. As retrieval is no longer perceived as novel, the memory may not further consolidate. 24 Also, the diminishing returns may simply be a function of ceiling effects as memory capacity is not infinite. The number of repetitions that is needed for effective longterm retention likely depends on the quantity and complexity of the material to be learned. More complex and extensive materials may require more repetitions than simpler materials.
Spacing
Repetition cannot be discussed without also considering spacing. Spacing is a powerful, but often neglected principle of long-term learning. Much cognitive psychology research has shown that spacing improves learning. 19 Spacing improves retention from restudying as well as retrieval. Spacing has also improved learning in surgical skills and medical knowledge. 54, 55 The effect of spacing depends on the retention interval. 56 Short spacing intervals lead to improved retention over a short retention interval. Long spacing intervals are needed to retain information for longer periods of time. For information to be retained for months or years, retrieval should be spaced on the order of weeks or months. In one study of medical students learning nephrology facts, when students took four tests back to back, retention was superior compared with restudying at 1 week. 57 However, at 6 months the level of retention for information that was tested was no different than information that had simply been restudied. Experiments which have shown improved retention over 6 months used retrieval intervals of 1 to 2 weeks. 7,9,18,40 The improved short-term retention with close spacing intervals may explain the effectiveness of cramming in preparing for imminent tests-and why that information is quickly forgotten. The effects of spacing are likely due to the processes of consolidation. Over the course of weeks, months, and years, consolidation leads to changes in memories as they are reorganized in the neocortex. 25 Spacing may have its effect by reactivating and strengthening these more distributed and integrated circuits. As time passes and details are forgotten, it is possible that spacing may cause the retrieved stimulus to be perceived as novel and therefore lead to updating of the consolidated memory. One challenge with spacing may occur if the retrieval interval is too long and so much forgetting may have occurred that extensive relearning must happen to achieve an acceptable level of performance. However, as discussed above, if spacing intervals are too close, then retrieval may not have the desired long-term effects. A potential strategy to find the appropriate balance is to use expanding retrieval intervals.
58 Short intervals can be used at first to maximize learning the details of the materials. The intervals are then spaced further out over time to optimized long-term retention.
Feedback
For retrieval practice to improve long-term retention of information, feedback is not necessary. Research has illustrated that the act of retrieval itself even without feedback produces a mnemonic benefit. 6 However, studies have also shown that feedback can dramatically amplify the improvement of retention achieved with retrieval practice. In one study of general knowledge facts, participants recalled 41% of information on a final test that was previously tested without feedback compared with 24% of control items that were not tested.
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Participants recalled 87% of information that was tested with feedback. For educational purposes, there is no benefit to withholding feedback. Generally for retrieval practice to be effective, retrieval must be successful. 43 However, difficult materials that require effortful retrieval may lead to increased unsuccessful retrieval attempts. Feedback can be useful to overcome the lack of benefit with unsuccessful retrieval.
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Interestingly, when a learner gives an incorrect answer but is provided with corrective feedback, researchers have elicited evidence of reconsolidation. 31 However, if a learner does not attempt to answer a question and corrective feedback is given, researchers have not found evidence of reconsolidation. These findings emphasize how at least attempted retrieval reactivates memory and allows it to be updated; therefore, guessing may be beneficial rather than simply skipping a questionespecially when feedback is given. Feedback is important for metacognitive monitoring. As learners use feedback to identify and correct errors, they make changes to the retrieval strategies that allow them to improve retention. In one set of experiments, students learned foreign language vocabulary through the "keyword" method in which learners select a word from their own language to help them remember the meaning of the foreign language word. 60 Not only were words learned through retrieval practice better retained, but learners also changed their keyword more frequently for words learned through retrieval practice with feedback than words learned through restudying. Retrieval practice with feedback provides a means by which learners can accurately assess their performance and modify their approach as needed.
Challenges and Opportunities in Using Retrieval Practice
The integration of retrieval practice into an actual curriculum presents many challenges (as well as opportunities!).
One of the first challenges that educators face is deciding what to test. Everything within a curriculum cannot be tested -especially on a repeated basis. Given this fact, test formats that require the retrieval of sets of information either through schema production or multiple levels of processing become particularly important to maximize the extent to which the tests can cover material in the curriculum. Fortunately, evidence exists that information that is related to material that is retrieved but that is not in itself tested can show improved retention through testing as well. [61] [62] [63] This phenomenon is known as retrieval-induced facilitation.
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Some educators may be concerned that courses will "teach to the test." However, retrieval practice forces educators to consider which elements of the curriculum should be prioritized. If tests accurately represent these priorities and produce long-term retention, then the overall objective of the educational activity is met. The idea of creating and grading repeated tests for large numbers of learners may discourage educators from implementing retrieval practice. However, some test formats such as free recall tests may reduce the work of test creation compared with multiple-choice tests which require significant effort to write well and to create viable alternative answers. Educators may be concerned about the effort in scoring essay and short-answer tests. However, when tests are used for learning and not for summative evaluation, the scoring can be performed by students. For free recall tests or other test formats, educators can provide model answers which students can use for feedback and scoring. Educators could score a sample of tests to ensure that students use the feedback resources appropriately and make expected progress.
Educators and academic leaders might wonder if the work required to create materials and systems for retrieval practice is warranted given that students seem to do well on final course examinations. Indeed, scores on course examinations often seem much higher than the percentages of retention measured in many retrieval practice research studies. As mentioned above, the actual long-term retention of most learners is probably far below their performance on course examinations because cramming leads to short-term retention. 57 Standard course examinations largely measure students' cramming ability rather than durable learning. As such, the traditional education system creates an illusion of learning success without supporting and incentivizing strategies for long-term retention. When educators begin to plan for long-term retention, retrieval practice provides an opportunity for longitudinal integration of curricula. Repeated, spaced retrieval practice allows earlier elements of the curriculum to be brought forward and retained. Creative test construction would provide opportunities to apply elements taught previously in the curriculum to situations and principles being taught later in the curriculum. Through retrieval practice, educators will have a clear sense of the strengths and weaknesses of their learners over time.
Despite the strong evidence for the efficacy of retrieval practice, though, it should be acknowledged that the principles outlined in this article pertain to acquiring and retaining fact-based knowledge. This type of knowledge is only one type of learning. 64 Educational systems must also acknowledge and optimize learning that comes only through experience and the social interactions of authentic work. Retrieval practice is only one tool that can be used in a complex educational system.
Conclusion
As educators seek for evidence-based interventions to create durable learning, retrieval practice has robust support in the cognitive psychology and education literature. Retrieval practice likely generates its effects through the memory consolidation and reconsolidation processes in the brain. As educators design retrieval practice systems, they should consider test formats that activate broad schemas of information and require effortful retrieval. Educators should provide adequate opportunities for repetition that is spaced over weeks and months to lead to retention that can last for months and years. Finally, tests should include feedback to ensure that errors are corrected and to enable learners to identify the most effective retrieval strategies. By applying these principles, educators can use retrieval practice to plan for and facilitate long-term retention of knowledge.
Glossary of Key Terms
Direct testing effect-The phenomenon in which information that is retrieved as part of taking a test is better retained than information that is simply studied.
Retrieval practice-The process of retrieving information to improve retention. Encoding-The process by which a stimulus is transformed into a memory in the brain. Consolidation-The process by which a memory is reorganized and integrated into the neocortical circuits so as to become less dependent on the hippocampus. Reconsolidation-The reactivation of consolidated memories for updating and strengthening. Schema-A network of related information.
Retrieval-induced facilitation-The phenomenon of improved retention of information that is related to material that is retrieved but that is not itself tested.
